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Deg-family proteases are a periplasm-associated group of proteins that are known
to be involved in envelope stress responses and are found in most microorganisms.
Orthologous genes SYNW2176 (in strain WH8102) and sync_2523 (strain CC9311) are
predicted members of the Deg-protease family and are among the few genes induced
by copper stress in both open ocean and coastal marine Synechococcus strains. In
contrast to the lack of a phenotype in a similar knockout in Synechocystis PCC6803,
a SYNW2176 knockout mutant in strain WH8102 was much more resistant to copper
than the wild-type. The mutant also exhibited a significantly altered outer membrane
protein composition which may contribute to copper resistance, longer lag phase after
transfer, low-level consistent alkaline phosphatase activity, and an inability to induce high
alkaline phosphatase activity in response to phosphate stress. This phenotype suggests a
protein-quality-control role for SYNW2176, the absence of which leads to a constitutively
activated stress response. Deg-protease family proteins in this ecologically important
cyanobacterial group thus help to determine outer membrane responses to both nutrients
and toxins.
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INTRODUCTION
Marine picocyanobacteria including Synechococcus and its sister
taxon Prochlorococcus are found throughout the world oceans
and contribute significantly to primary production and car-
bon cycling (Li, 1994; Richardson and Jackson, 2007). Marine
Synechococcus is a highly diverse group consisting of multiple
clades/species with different strategies for environmental niche
adaptation that contribute to their global success (Ferris and
Palenik, 1998; Rocap et al., 2002; Scanlan et al., 2009). For
example, in an earlier paper comparing an open ocean strain,
Synechococcus sp. strain WH8102 (WH8102), and a coastal
strain, Synechococcus sp. strain CC9311 (CC9311), we found
striking differences in sensitivity to copper and in the tran-
scriptional response to elevated copper (Stuart et al., 2009).
Despite the diversity in response within the group, marine
Synechococcus species in general are quite sensitive to elevated
copper levels, when compared to other phytoplankton groups
(Brand et al., 1986). Understanding the similarities in the
responses of Synechococcus strains to copper is key to understand-
ing the nature of copper sensitivity in this globally important
group.
In our previous work we found a few similarities in the
transcriptional response to elevated copper, including a shared
osmoregulatory-like response (Stuart et al., 2009). One gene
that was up-regulated in both Synechococcus strains was a pre-
dicted serine protease (SYNW2176 in WH8102 and sync_2523 in
CC9311), which is a member of the Deg-family of serine pro-
teases. This family is characterized by a protease domain and one
or more C-terminal PDZ domains. It is found in most organisms
from bacteria to humans, and in bacteria is often involved in
tolerance to protein folding stress (Clausen et al., 2002).Most bac-
teria have at least one of these proteins, but many have multiple
paralogs, which can have variable functions. The family has been
well-characterized in Escherichia coli (E. coli) which has three Deg
proteases, DegS, DegP, and DegQ, that are either periplasmic or
embedded in the membrane (reviewed inMeltzer et al., 2009). All
three appear to be involved in cell envelope stress, and regulation
of bacterial envelope perturbations in E. coli have been well char-
acterized (Raivio, 2005). DegS serves a regulatory role by sensing
damaged outer membrane proteins and subsequently degrading
an anti-sigma factor (RseA) initiating an envelope-stress regula-
tory cascade. DegS is the only one of the three Deg-proteases that
is essential in E. coli (Alba et al., 2001). DegP can act as both
a protease and a chaperone depending on temperature, and is
thought to be a protective factor regulated by both the Cpx and σE
envelope stress pathways (Raffa and Raivio, 2002; Meltzer et al.,
2009). DegQ is perhaps the least well-characterized of the three
in E. coli, but overexpression has been shown to partially res-
cue a DegP null phenotype and DegQ exhibits higher chaperone
and lower protease activity in vitro than DegP, indicating overlap-
ping functions for these two (Waller and Sauer, 1996; Bai et al.,
2011).
In E. coli, the majority of redox active copper is in
the periplasm (Macomber et al., 2007) and many copper
response mechanisms involve periplasmic copper detoxifica-
tion so copper stress and cell envelope stress can be related.
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Indeed, in E. coli, CopA, a cytoplasmic copper efflux protein,
is regulated by CpxR, part of an envelope stress response path-
way. CutC, a copper chaperone, is regulated by RpoE, which
is part of the σE envelope stress response pathway (Rensing
and Grass, 2003). Although DegP is not induced by copper
stress in E. coli, which has much higher tolerance to ele-
vated copper levels than marine Synechococcus, DegP is induced
by zinc stress and is also regulated by RpoE (Egler et al.,
2005).
In a fresh water cyanobacterium, Synechocystis PCC6803
(Synechocystis), the three Deg proteases (slr1204/htrA/degP,
sll1679/hhoA/degQ, and sl1427/hhoB/degS) are all localized in the
inner membrane and periplasm (Roberts et al., 2012) and have
transcriptionally distinct but overlapping responses: all respond
to light to dark transitions; htrA and hhoB respond to salt stress;
only hhoB responds to high light; only htrA responds to cold
shock (Jansen et al., 2005). In Synechocystis, mutants in which
only two of the three are inactivated exhibit no phenotype; all
three need to be knocked out in order to observe a phenotype
which then includes both light and heat sensitivity as well as
a hyperpiliated outer membrane (Barker et al., 2006). Thus, in
contrast to E. coli where DegS is an essential protein, all three
Deg proteins in Synechocystis are nonessential and appear to have
overlapping functions, despite differing in transcript abundance
and induction patterns. Additionally, recombinantly expressed
versions of all these Synechocystis proteins degrade unfolded sub-
strates and some phycobiliproteins in vitro (Diao et al., 2011;
Huesgen et al., 2011). This suggests a role in protein quality
control through sensing and processing of improperly folded
proteins.
In marine Synechococcus WH8102, SYNW2176 has a varied
transcriptional response to stressors. Along with strong upreg-
ulation in response to copper stress, SYNW2176 is slightly
upregulated in response to early phosphate starvation and in
a phosphate regulatory gene mutant (ptrA/SYNW1019). It is
downregulated in response to late phosphate starvation, in
a phosphate regulatory gene knockout mutant (SYNW0947)
and in co-culture with Vibrio parahaemolyticus (which can
induce phosphate stress) (Tai et al., 2009; Tetu et al., 2009;
Thomas et al., 2009; Ostrowski et al., 2010). Transcript abun-
dance of a SYNW2176 homolog in Synechococcus sp. strain
WH7803 (SynWH7803_2187) is induced by methyl viologen
and H2O2, but not high light (Blot et al., 2011). The two
other Deg-family protease paralogs (SYNW0608, SYNW1537)
do not appear to be differentially regulated by the conditions
tested so far including copper toxicity, nickel-deprivation, phos-
phate limitation, co-culturing with Vibrio parahemolyticus, vari-
able nitrogen source and DNA damaging agents (Su et al.,
2006; Stuart et al., 2009; Tai et al., 2009; Tetu et al., 2009,
2013; Dupont et al., 2012). Given the varied nature of stres-
sors that affect transcript abundance of this gene, we predicted
that SYNW2176 is involved in envelope stress response in marine
Synechococcus.
In this study we inactivated SYNW2176 and characterized
the stress response and outer membrane protein composition of
the mutant in order to better understand the overlap between
envelope stress and copper stress in marine Synechococcus.
MATERIALS AND METHODS
PHYLOGENETIC ANALYSES OF CYANOBACTERIAL Deg-FAMILY
PROTEASES
Deg-family protease homologs were identified from sequenced
genomes of 11 marine Synechococcus strains (WH8102, CC9605,
BL107, CC9902, WH78903, WH7805, RS9917, CC9311, RS9916,
WH5701, and RCC307) and 12 Prochlorococcus strains (MIT9303,
MIT9313 CCMP1375, MIT9211, MIT9812, MIT9301, AS960,
MIT9215, MIT9515, CCMP1986, NATL2A, and NATL1A). Deg-
family proteases are characterized by the presence of both a
C-terminal PDZ domain and a trypsin domain and identified
in NCBI as COG0265. Homologs were first identified using the
MicrobesOnline database (Price et al., 2009) to search for par-
alogs and homologs of SYNW2176 and COG0265. These results
were then verified using published data of genome-wide com-
parisons of the 11 Synechococcus strains conducted by Dufresne
et al. (2008) where the three groups were separately clustered
for Synechococcus (Clusters 8096, 8095, and 13). The genes were
also searched against the ProPortal database (Kelly et al., 2012)
where the genes are grouped in one cluster (CyCog4045). Finally,
a reciprocal BLAST was done for each gene found against its own
respective genome to identify any paralogs that might have been
missed. From this search a total of 59 Deg-family proteases were
identified in the 23 genomes searched. The amino acid sequences
were then aligned using MUSCLE (Edgar, 2004), trimmed man-
ually and curated using Gblocks 0.91 (Talavera and Castresana,
2007). A maximum likelihood tree was then built using PhyML
(WAG substitution model, 4 substitution rate categories) and
branch support values were calculated with an approximate like-
lihood ratio test (aLRT SH-like) (Anisimova and Gascuel, 2006;
Dereeper et al., 2008; Guindon et al., 2010). The alignment was
later run through ProtTest (Abascal et al., 2005) which deter-
mined that an LG substitution model was best. The LG-based
tree and the WAG-based tree were very similar, with one dif-
ference that included a change in position for the two group 3
Prochlorococcus genes within the group 3 branch. Since this was of
uncertain significance and the support values for the WAG-based
tree were better, the WAG-based tree is shown. TreeDyn was used
for initial tree rendering. Conserved neighborhoods were assessed
using MicrobesOnline (Price et al., 2009).
QRTPCR OF WH8102 FOLLOWING COPPER ADDITION
Three-liter batch cultures of WH8102 were grown to mid-
exponential phase in chelexed synthetic ocean water (SOW)
(Dupont et al., 2008; Stuart et al., 2009) and 10μM CuEDTA
(pCu 10.1),1μM CuEDTA (pCu 11.1) or water (control) was
added. For the 10μM addition, 500ml of culture was harvested
by centrifugation at 1, 2, 4, 6, and 8 h after addition in three bio-
logical replicates. For the 1μM addition samples were harvested
at 2 and 24 h after addition in two biological replicates. RNA was
extracted from the cell pellet, cDNA synthesized and QRTPCR
performed as described in Stuart et al. (2009), with the excep-
tion that QRTPCR was normalized to total RNA, 250 ng of total
RNA was used in triplicate cDNA reactions for each sample. DNA
contamination controls with no reverse transcription were per-
formed with every reaction. Primers for genes assayed are listed
in Table S2. Three technical replicates were ran for each of the
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three biological replicates. A genomic DNA standard curve was
used to calculate average transcript abundance for each sample,
with subtraction of DNA-contaminant control. Biological tripli-
cates were then averaged and log2 fold changes between no-Cu
controls and Cu-treated samples were calculated for each gene
and time point. Statistical significance of the fold change was cal-
culated by a one-sample t-test and a p-value less than 0.05 was
considered significant.
INSERTIONAL INACTIVATION OF SYNW2176
Gene inactivations were conducted as described in Brahamsha
(1996b) with several modifications in vector construction for
the selection of double recombinants. Synechococcus sp. strain
SYNW2176- in which the gene SYNW2176 is interrupted by an
antibiotic resistance cassette, kanamycin (kanR) was constructed
as follows. A 1997-bp region surrounding the 1125-bp gene
was PCR-amplified (Figure S2, Table S2, 2176 dbl primers) and
cloned into pCR®2.1-TOPO® (Life Technologies, Carlsbad CA)
according to the manufacturer’s specifications. The vector was
then digested with EcoRI and the 1997 bp + 10 bp insert was
ligated into the EcoRI site of pBR322 (New England Biolabs,
Ipswich, MA). Next the vector was digested with SmaI and the
kanamycin resistance cassette (kanR) from pUC4K (Taylor and
Rose, 1988) was cut out of the pUC4K (using BamHI digestion,
gel purification and blunting) and ligated into the SmaI cut site.
The construct was then digested with EcoRI and the insert was
ligated into pRL271, a vector for sacB-mediated positive selec-
tion for double recombinants in gram-negative bacteria (Cai and
Wolk, 1990). The new vector, pRL271_kanR_2176 was then trans-
formed into E. coliMC1061 (pRK24, pRL528) and introduced via
conjugation into Synechococcus sp. strain WH8102 as described
in Brahamsha (1996b). The pour plates contained 5% sucrose
to select for double recombinants, and 25μg/ml kanamycin.
Mutants were verified using PCR (Figure S2, Table S2).
CELL CULTURE AND GROWTH ASSAYS
One liter batch cultures of Synechococcus sp. strain WH8102
(WH8102), and SYNW2176- were grown in chelexed SOW with
stirring as previously described in Stuart et al. (2009). For
mutant cultures, kanamycin was added at a final concentration of
20μg/ml to 50ml stock cultures that were transferred weekly, but
antibiotics were not added to 1 L growth assay cultures, because
kanamycin may bind copper. For growth assays, cultures were
grown to early log phase and 50ml were aliquoted into acid-
washed glass flasks and placed on a shaker plate at 23◦C. Cultures
were given 1 day in these conditions to adjust to the transfer, after
which CuEDTA was added in triplicate at 10, 4, 1, or 0.4μM and
sterile milliQ water was added to the controls. Using theMINEQL
algorithm (Westall et al., 1976) this approximately corresponds to
equilibrium free copper levels equivalent to pCu 10.1, pCu 10.5,
pCu 11.1, and pCu 11.5. Flow cytometry samples were collected
daily for up to 7 days and were fixed and analyzed as described in
Stuart et al. (2009).
OUTER MEMBRANE PROTEIN PREPARATIONS AND BAND EXCISION
Outer membrane protein preparation was done as described in
Brahamsha (1996a) and McCarren and Brahamsha (2007) with
the exception that SOW medium was used for culturing and
washing instead of SN. Briefly, 1 L of WH8102 or 2176- was
grown up to the mid-exponential phase. For copper stress con-
ditions, CuEDTA was added during mid-exponential at pCu 10.5
(4μM) and samples were incubated for 6 h before harvesting.
10ml of culture was filtered through a 0.2μm polycarbonate
filter and the spent medium was frozen at −80◦C. Cells were
harvested by centrifugation, washed with sterile medium, and
resuspended in 50mM Tris pH 8.0, 50mM EDTA and 15%
sucrose and incubated on ice for 30min. Samples were subse-
quently spun down at 10,000 × g for 10min at 4◦C. The cell
pellet from which the outer membrane had been stripped was
frozen and the supernatant containing the outer membrane frac-
tion was spun at 28,000 × g for 90min at 4◦C. The resulting
high speed pellet (HSP), which consists of the outer membrane,
was resuspended in sterile water. The high-speed supernatant
(HSS), which contains periplasmic proteins as well as cell-surface
proteins solubilized by EDTA, and the spent medium fraction
were concentrated with an Amicon Ultra 4 30,000MWCO filter
(Millipore, Billerica, MA). Protein fractions were run onNuPAGE
Novex Tris-Acetate 3–8% gels (Life Technologies, Carlsbad, CA)
under denaturing conditions according to the manufacturer’s
specifications. For imaging, gels were stained with SYPRO Ruby
stain (Life Technologies, Carlsbad, CA) according to the manu-
facturer’s specifications. For band excision, Coomassie Blue R-250
(Thermo Scientific) was used to stain according to the manufac-
turer’s specifications. Excised bands were sequenced by the UCSD
Biomolecular/Proteomics Mass Spectrometry Facility.
OMP FRACTION LC-MS-MS
Sample preparation (Guttman et al., 2009)
Protein samples were diluted in TNE (50mM Tris pH 8.0,
100mM NaCl, 1mM EDTA) buffer. RapiGest SF reagent (Waters
Corp.) was added to the mix to a final concentration of 0.1% and
samples were boiled for 5min. TCEP (Tris (2-carboxyethyl) phos-
phine) was added to 1mM (final concentration) and the samples
were incubated at 37◦C for 30min. Subsequently, the samples
were carboxymethylated with 0.5mg/ml of iodoacetamide for
30min at 37◦C followed by neutralization with 2mM TCEP
(final concentration). Proteins samples prepared as above were
digested with trypsin (trypsin:protein ratio—1:50) overnight at
37◦C. RapiGest was degraded and removed by treating the sam-
ples with 250mM HCl at 37◦C for 1 h followed by centrifugation
at 14,000 rpm for 30min at 4◦C. The soluble fraction was then
added to a new tube and the peptides were extracted and desalted
using Aspire RP30 desalting columns (Thermo Scientific).
LC-MS-MS
Trypsin-digested peptides were analyzed by high pressure liq-
uid chromatography (HPLC) coupled with tandem mass spec-
troscopy (LC-MS/MS) using nano-spray ionization (McCormack
et al., 1997). The nanospray ionization experiments were
performed using a TripleTof 5600 hybrid mass spectrometer
(ABSCIEX) interfaced with nano-scale reversed-phase HPLC
(Tempo) using a 10 cm–100 micron ID glass capillary packed
with 5-μm C18 Zorbax™ beads (Agilent Technologies, Santa
Clara, CA). Peptides were eluted from the C18 column into
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the mass spectrometer using a linear gradient (5–60%) of ACN
(Acetonitrile) at a flow rate of 250μl/min for 1 h. The buffers
used to create the ACN gradient were: Buffer A (98% H2O, 2%
ACN, 0.2% formic acid, and 0.005% TFA) and Buffer B (100%
ACN, 0.2% formic acid, and 0.005% TFA). MS/MS data were
acquired in a data-dependent manner in which the MS1 data
was acquired for 250ms at m/z of 400–1250Da and the MS/MS
data was acquired fromm/z of 50–2000Da. For Independent data
acquisition (IDA) parameters MS1-TOF 250ms, followed by 50
MS2 events of 25ms each. The IDA criteria, over 200 counts
threshold, charge state +2–4 with 4 s exclusion. Finally, the col-
lected data were analyzed usingMASCOT® (Matrix Sciences) and
Protein Pilot 4.0 (ABSCIEX) for peptide identifications.
Spectral count analysis
Analysis of spectra was done using a spectral counting statistical
method. Briefly, ProteinPilot software v.4.0 (Applied Biosystems,
MDS-Sciex) was used to identify and quantify proteins and gener-
ate confidence numbers for each spectra with the Paragon search
algorithm (Shilov et al., 2007). All protein spectra with less than
95% confidence to a Synechococcus WH8102 protein were dis-
carded. All the remaining hits in each sample were summed
for a total number of spectral counts per sample. Raw spectral
counts ranged between 397 and 760 in the insoluble fraction
(HSP) and 869 and 1655 in the soluble fraction (HSS). Then the
number of hits per protein were summed and divided through
by the total to give a percentage of total spectral counts for
each protein in order to compare protein levels between samples.
Duplicates were averaged and a standard deviation calculated.
The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium (Vizcaino et al., 2014) via the
PRIDE partner repository with the dataset identifier PXD000989.
ALKALINE PHOSPHATASE ACTIVITY ASSAY AND P ANALYSIS
Alkaline phosphatase activity assays and phosphate analysis were
carried out using colorimetric assays as described in Tai et al.
(2009). Briefly, for alkaline phosphatase activity 180μl of sam-
ple of standard were put in a microplate and 20μl 135mM
p-nitrophenyl phosphate in 1M Tris (pH 8.0) added. Plates were
read at 405 nM absorbance at 0, 30, 60, and 90min. Phosphate
concentrations were measured using a standard ammonium
molybdate assay, samples were diluted 20-fold and 200μl was
added to a microplate with 20μl reagent, incubated for 30min
and the absorbance at 880 nM was measured. Duplicate 50ml
cultures were inoculated with either wild-type WH8102 or
SYNW2176- into SOW media and assayed for 14 days. Cell
counts were determined by flow cytometry using a BD FACSort
as described in Stuart et al. (2009).
RESULTS
PHYLOGENETIC GROUPING OF Deg PROTEASES
Eleven sequenced genomes of marine Synechococcus all contain
three Deg-family proteases, which can be separated phyloge-
netically into three main groups. The picocyanobacterial deg-
family proteases have only one PDZ domain, compared with
the E. coli family, which has two. Of the 12 Prochlorococcus
genomes included in the analysis only two (strains MIT9313 and
MIT9303, underlined) had a group 3 Deg protease (Figure 1A).
MIT9313 and MIT9303 have much larger genomes than the
other 10 Prochlorococcus strains analyzed (2.4 and 2.6Mbp vs.
1.6–1.8Mbp). In addition, the group 1 proteins from MIT9313
and MIT9303 grouped with the Synechococcus sequences in con-
trast with a more typical phylogenetic placement at the base of
Prochlorococcus gene trees as seen in their group 2 proteins. The
three Deg-family proteases previously studied from the fresh-
water cyanobacterium Synechocystis PCC6803 were most similar
to each other. Based on pairwise BLASTp scores group 1 mem-
ber SYNW2176 was more similar to HhoA (DegQ) and group 2
member SYNW0608 was more similar to HtrA (DegP). However,
the alignment based trees using all members of the group did
not support this. It is thus difficult to predict whether group
1 is homologous to HtrA/DegP or HhoA/DegQ. Although there
was no clear predicted operon for any of the three Deg pro-
tease groups, the surrounding genes for each of these groups in
Synechococcus were also well conserved (Figure 1B).
SYNW2176 SHOWS SUSTAINED INDUCTION OF EXPRESSION IN
RESPONSE TO HIGH AND MODERATE COPPER
We used QRTPCR to investigate induction over time in response
to copper stress (pCu 10.1 addition). In previous microarray
expression work on copper stress, we found that SYNW2176
was induced after 2 h of copper stress at both pCu 10.1 (Cu2+
10−10 M; 10μM CuEDTA) and pCu 11.1 (Cu2+ 10−11 M; 1μM
CuEDTA). The other two paralog Deg-proteases (SYNW0608,
SYNW1537) were not differentially regulated by copper stress in
either strain WH8102 or CC9311 (Stuart et al., 2009). We looked
at expression of three genes including SYNW2176, SYNW0807
(a predicted sensor histidine kinase thought to be involved
in osmoregulatory response) and SYNW0514 (predicted GroEL
chaperonin). The putative specialized stress response genes,
SYNW2176 and SYNW0807, both sustained induction over at
least 6 h in response to copper stress whereas for GroEL, the
general stress response gene, induction was only detected at 2 h
after copper stress (Figure 2). We also looked at expression fol-
lowing a lower copper addition (pCu 11.1) over 24 h and found
that SYNW2176 was induced at 2 h and maintained induction
over 24 h (Figure S1). In contrast, GroEL was downregulated and
SYNW0807 was not induced at 2 h by this lower level of copper,
but by 24 h had increased (Figure S1). Based on expression data
which showed sustained induction to both high and moderate
copper additions, we expected that a SYNW2176 mutant would
be more sensitive to copper.
SYNW2176- IS TOLERANT TO HIGHER LEVELS OF Cu THANWILD TYPE
We inactivated Deg-family protease SYNW2176 and investi-
gated growth in response to copper. Insertional inactivation of
SYNW2176 through double recombination (designated strain
“SYNW2176-”) was validated using PCR (Figure S2, Table S2).
Surprisingly, growth assays with copper additions showed that
SYNW2176- exhibited a clear increased tolerance to copper addi-
tions relative to the wild-type (Figure 3). The wild-type strain
showed decreased growth rates relative to the no-Cu control in
response to copper levels as low as pCu 11.5 (0.4μM CuEDTA,
Cu2+ at 10−11.5 M) and failed to grow at all at pCu 11.1
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FIGURE 1 | Phylogenetic grouping of Deg-family proteases in
picocyanobacteria. (A) Maximum likelihood tree based on amino acid
sequence alignment in 11 marine Synechococcus, and 12 Prochlorococcus
strains. Protein sequences were aligned with MUSCLE (Edgar, 2004) and the
tree was built using PhyML (WAG substitution model) and TreeDyn (Dereeper
et al., 2008; Guindon et al., 2010). Branch support values calculated using
approximate likelihood ratio test (aLRT SH-like). Labels are strain (locus
number/amino acid positions aligned). WH8102 versions are bolded and
Prochlorococcus strains with a group 3 member are underlined (B) Schematic
of conserved gene neighborhood surrounding the aligned proteins from
Synechococcus members in tree. “∗” indicates gene not conserved in all
strain gene neighborhoods.
(1μM CuEDTA), whereas SYNW2176- only started to show a
significantly decreased growth rate at pCu10.5 (4μMCuEDTA).
Cu-RESPONSIVE OUTER MEMBRANE PROTEINS IN WILD-TYPE CELLS
Since envelope stress may affect the outer membrane composition
we looked at copper induced changes in wild-type outer mem-
brane fractions (Brahamsha, 1996a; McCarren and Brahamsha,
2007). The technique generates two outer membrane fractions,
an insoluble HSP consisting of the outer membrane and a solu-
ble high speed supernatant (HSS) fraction largely consisting of
cell surface proteins solubilized by the EDTA treatment. Using
HPLC tandem mass spectrometry (“shotgun proteomics”) we
sequenced single samples of insoluble outer membrane protein
preparations (HSP) from both a control and 6-h copper stress
(pCu 10.5) inWH8102. A total of 49 proteins were detected (with
at least two unique peptide hits above 95% confidence) with 47
proteins detected in the control condition and 26 under copper
stress (Table S1). The two proteins found only under copper stress
were SYNW0418, a hypothetical protein of unknown function,
and SYNW2077, a 50S ribosomal protein (Table S1).
WH8102 has four genes annotated as possible porins, of which
only two were detected in our insoluble outer membrane frac-
tions, SYNW2224, and SYNW2227. Under copper shock these
two porins (SYNW2224 and SYNW2227) appeared to be down-
regulated because peptide spectral count percentages (proportion
of total spectral counts) from both porins combined were lower
under copper (7.4%) than the control condition (10.4%). Also
notable under copper shock were higher levels of the periplasmic
phosphate binding ABC transporter protein (SYNW1018) and
undetectable levels of SwmB, a cell surface motility protein (Table
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S1). SYNW2176 itself was not detected in either sample and given
that it has transmembrane domains this may indicate that it
is located in the inner membrane or conversely its abundance
is below the detection limit. Copper treatment clearly caused
changes in relative protein abundance in the cell surface/outer
membrane compartment of the cells.
SYNW2176- HAS AN ALTERED OUTER MEMBRANE COMPOSITION
UNDER EXPONENTIAL GROWTH
We examined the outer membrane protein composition of
SYNW2176- in two ways, first using gel electrophoresis and then
FIGURE 2 | Gene expression following copper addition. QRTPCR of
SYNW2176 and two other genes induced in WH8102 2h after pCu10.1
addition. All values are calculated as log2fold changes over the no-copper
control. Error bars represent one standard deviation between three
biological replicates. Stars represent statistical significance (p < 0.05) of
one sample t-test (mean = 0).
FIGURE 3 | Response to copper stress in mutant and wild type
cultures. Growth rates calculated from slope of linear regression on
ln-transformed cells/ml from three biological replicates over at least 3 days
of exponential growth after treatment. Error bars represent one standard
deviation between three biological replicates.
shotgun proteomics. We compared the outer membrane profiles
of the wild type and the SYNW2176- mutant under exponential
growth. The gels showed a distinctly different pattern of bands in
SYNW2176- relative to the wild-type in the insoluble HSP frac-
tion (Figure 4). Most notably, there was an additional band in the
mutant at around 120 kDA. This band was also detectable in the
soluble HSS fraction (Figure S3A). These differences remained
unchanged 6 h after copper additions (Figure S3B). There was
also a distinct difference in the ∼80 kDA region in the mutant
in the soluble and insoluble fractions. In the mutant the band was
sharper and darker relative to the wild-type.
Duplicate biological replicates of the soluble (HSS) and
insoluble (HSP) fractions of outer membrane samples from
SYNW2176- and wild-type in exponential growth were also ana-
lyzed with shotgun proteomics. In the insoluble fraction a total
of 11 proteins were detected in both SYNW2176- biological
replicates (with at least two unique peptide hits above 95% confi-
dence) and 12 proteins were detected in both wild-type replicates.
In the soluble fraction 13 proteins were detected in SYNW2176-
and 12 in wild-type. There were a total of 22 proteins detected in
at least one set of biological replicates (Table 1).
Several differences in protein levels were detected between the
wild-type and mutant, a few of which were also induced in wild-
type under copper stress (Table 1). One difference was in the
abundant porin, SYNW2224, which was lower in both themutant
FIGURE 4 | Outer membrane protein differences between wild type
and mutant cultures. SDS-PAGE protein gel (3–8% Tris-Acetate) of
insoluble outer membrane fraction (HSP). Dashed lines indicate previously
identified abundant outer membrane proteins (Brahamsha, 1996a;
McCarren and Brahamsha, 2007).
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and under copper stress compared to wild-type. Also, higher
levels of SYNW1018 (an ABC transporter phosphate-binding
protein) were found in both the mutant and under copper stress
compared to wild-type.
The less abundant porin SYNW2227 was only detected in the
mutant, and it was not detected following 6 h of copper stress to
the wild-type. Comparing the two porins revealed that predicted
isoelectric points of SYNW2227 and SYNW2224 were drastically
different. Modeling of the outer membrane loops using published
methods (Bagos et al., 2004) revealed far fewer positive residues in
the outer loops of SYNW2227 (Figure S4, Table S4). SYNW2227
is also missing two cysteine residues on the predicted outer loop
portion of the protein that are present in SYNW2224 and one
of the other undetected porins, SYNW2223. These differences
between the porins suggest that SYNW2227 may have reduced
permeability to copper or reduced sensitivity to copper due to the
fewer cysteines potentially sensitive to copper binding.
INSERTIONAL INACTIVATION OF SYNW2176 RESULTS IN THE
EXPRESSION OF PROTEINS NORMALLY INDUCED UNDER PHOSPHATE
LIMITATION
There was little overlap between proteins upregulated in the
SYNW2176- mutant and genes identified from our previous tran-
scriptional work on Cu-stress that we predicted would be upreg-
ulated in the mutant given its copper tolerance (Table 1). Instead,
there was a strong correlation with phosphate-stress inducible
genes (Table 1). Several studies have looked at the phosphate
limitation response in Synechococcus WH8102, including two
microarray expression studies by Tetu et al. (2009) and Thomas
et al. (2009) and a study byMazard et al. (2012) that compared the
phosphorus stress response in several Synechococcus strains. Of
the 22 identified proteins in our study, 10 are differentially tran-
scriptionally regulated under phosphate-starvation and similarly
differ in protein abundance in the SYNW2176- mutant relative to
wild-type (Table 1).
The most apparent difference was the presence of an addi-
tional protein in the mutant, SYNW0762, which is encoded by
a phosphate-stress inducible gene. SYNW0762 is annotated as
a hypothetical protein whose closest BLAST hit is to an atypi-
cal alkaline phosphatase with a phytase domain in Synechococcus
WH7803 (Table 1). The protein has two large repeat regions that
are identified as WD40/YVTN repeat-like domains. When the
additional band seen in the 120 kDa region of mutant outer mem-
brane preparations was excised and sequenced, this protein was
the most abundant hit (Figure S3B, labeled “1,” Table S3). Also,
SYNW0165, a phosphate-inducible protein of unknown function,
was almost 3-fold higher in the mutant insoluble fraction and in
the soluble fraction it was only detected in the mutant. Two puta-
tive alkaline phosphatases, SYNW2391, and SYNW0196, both of
which are induced by phosphate-stress (Tetu et al., 2009) were
also detected at higher levels in the mutant.
Two of the proteins identified were both phosphate inducible
and copper stress responsive—the phosphate ABC transporter
SYNW1018 and SwmB were both more abundant in the mutant.
SYNW1018 was 2.2-fold more abundant in the mutant insolu-
ble fraction and SwmB was 4-fold higher in the mutant solu-
ble fraction. Additionally, two proteins that are down-regulated
transcriptionally by phosphate stress in the wild-type (Tetu et al.,
2009), SYNW2009 and SYNW1565, were less abundant in the
mutant. It should be noted that five phosphate-stress inducible
proteins did not follow this pattern: the aforementioned porin
SYNW2224, SwmA, and SYNW0759, were more abundant in
wild-type; SYNW0406 for which no difference in protein abun-
dance was detected; and SYNW1886 which was only detectable
in the wild-type. SYNW2224, the porin that is down-regulated
in the mutant, is an interesting exception since it is one of
only two proteins detected that was upregulated under phos-
phate limitation but downregulated under copper stress. All outer
membrane preparations were obtained from exponentially grow-
ing cultures (in media with 86μM PO4) that were not expected
to be phosphate-limited at this stage of growth.
ALKALINE PHOSPHATASE ACTIVITY IS NOT INDUCED IN THE
SYNW2176- MUTANT IN RESPONSE TO PHOSPHATE DEPLETION
Considering the abundance of phosphate-stress inducible
proteins expressed in SYNW2176- we compared alkaline phos-
phatase activity, a hallmark of the onset of phosphate limitation,
between SYNW2176- and the wild-type. Mutant and wild-type
cultures were inoculated in phosphate-replete media, and alkaline
phosphatase activity and phosphate levels were measured during
growth. The mutant exhibited alkaline phosphatase activity that
did not change significantly over the growth period (Figure 5).
By contrast, in wild-type, as expected, alkaline phosphatase
activity was very low until day 11, when phosphate levels began
to decrease, and then increased dramatically. In the mutant, low
activity was detected by day 6, when phosphate levels were still
high, and activity stayed low but detectable throughout the rest of
the experiment. The mutant grew slightly more slowly than the
wild-type under these conditions, but by day 6 after inoculation
both strains were in exponential phase (Figure 5B). Since the
alkaline phosphatase assay has a low sensitivity threshold, to
confirm the early time points when cell numbers were low we
replicated the experiment and concentrated the samples 50-fold
before measurement. From this we were able to confirm that
while in exponential growth (days 6 and 7), the mutant does
have slightly higher activity (8.3 × 10−10 μmoles/min/106
cells/ml ± 4.0 × 10−10) than the wild-type (3.58 × 10−10
μmoles/min/106 cells/ml ± 4.6∗10−11) while both had high
phosphate levels (wild-type 50μM ± 1.4 and mutant 74μM ±
8.3). The mutant maintains alkaline phosphatase activity around
1.0 × 10−9 μmoles/min/106 cells/ml never having levels above
2.0 × 10−9 μmoles/min/106 cells/ml, whereas the wild-type has
very low activity until phosphate levels decrease after which it
induces activity sharply to around 6.0 × 10−9 μmoles/min/106
cells/ml. From both these experiments it is clear that the mutant
has constitutive, low alkaline phosphatase activity that is not
induced by phosphate levels. This suggests either a constitutive
stress response or an inability to sense phosphate levels.
DISCUSSION
STRESS-INDUCED EXPRESSION OF GROUP 1 Deg-FAMILY PROTEASES
IN MARINE SYNECHOCOCCUS
The phylogenetic grouping of the Deg-family proteases in
marine Synechococcus shows three distinct groups. The group
Frontiers in Marine Science | Marine Molecular Biology and Ecology June 2014 | Volume 1 | Article 16 | 8
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FIGURE 5 | Comparison of alkaline phosphatase activity in wild type
and mutant cultures over 16 days. (A) alkaline phosphatase activity. AP
activity is reported as μmol of para-nitrophenol (p-NP) produced per minute
per 106 cells, (B) cell counts, and (C) phosphate levels.
1 Deg-proteases appear to have an inducible function distinct
from the other 2 groups. Our transcriptional data show that
SYNW2176 exhibits a sustained high level of induction following
copper stress for at least 24 h and is quite sensitive to copper as
it was induced by 2 h at the lower copper level as well (Figures 2,
S1). This is in contrast to GroEL chaperonin, which is induced
only at 2 h following the high copper addition and suggests amore
specialized stress response for SYNW2176, perhaps to envelope
stress, as in E. coli (Meltzer et al., 2009). Published expression
data also shows inducible activity in the group 1 members with
SYNW2176 and sync_2523 both upregulated in response to cop-
per addition and SYNW2176 slightly upregulated in response
to early phosphate stress and downregulated in response to late
phosphate starvation (Stuart et al., 2009; Tetu et al., 2009).
Additionally, the group 1 member SynWH7803_2187 is up in
response to methyl viologen and H2O2, also oxidative stressors
(Blot et al., 2011). In contrast, neither group 2 nor 3 members in
CC9311 or WH8102 are upregulated in response to copper, and
in WH7803, the group 3 member is only slightly upregulated in
response to methyl viologen and H2O2 (Blot et al., 2011).
Most of the Prochlorococcus strains do not have a group 3
Deg-protease suggesting that group 3 may serve a redundant
function that can be compensated for by the other two in themore
streamlined Prochlorococcus genomes. Prochlorococcus strains that
have been tested are more sensitive to copper than Synechococcus.
Strain MED4 (which lacks a group 3 member) is in fact more tol-
erant to copper than MIT9313 and SS120 (Mann et al., 2002).
There currently are not equivalent transcriptional stress response
experiments on Prochlorococcus. However, from data available on
high light stress in Prochlorococcus strain MED4, there is upregu-
lation of the group 2 member in response to high light and blue
light, but no regulation of the group 1 member in response to
light, nitrogen, phosphate, or iron stress (Martiny et al., 2006;
Steglich et al., 2006; Tolonen et al., 2006; Thompson et al.,
2011). In amannermore similar to Synechococcus, Prochlorococcus
MIT9313, which has three Deg proteases, upregulates its group 1
member in response to nitrogen limitation but does not appear to
upregulate either of its other Deg proteases in response to nitro-
gen, phosphate, or iron stress (Martiny et al., 2006; Tolonen et al.,
2006; Thompson et al., 2011). From these limited data it appears
that the Prochlorococcus strains lacking a group 3 member may
have different induction responses to stress for the remaining two
Deg proteases.
SYNW2176- COPPER-RESISTANT MUTANT PHENOTYPE
Our data on the SYNW2176- mutant reveals a complex phe-
notype. This includes increased copper tolerance and a signif-
icantly altered outer membrane composition with a putative
alkaline phosphatase/phytase (SYNW0762) not detected under
in wild type. The mutant outer membrane also has an extra
porin and lower levels of the main porin (which is downregu-
lated by copper in wild type cells.). The phenotype also includes
higher abundance of a copper-inducible outer membrane pro-
tein (SYNW1018); higher levels of many phosphate-limitation-
induced proteins; a longer lag phase after transfer; and a lack
of phosphate limitation-inducible alkaline phosphatase activity.
While diverse in nature, all of these could point to a constitutive
stress response.
Several hypotheses can be put forward to explain this complex
phenotype. SYNW2176 could be part of a regulatory cascade that
responds to envelope stresses and regulates a certain set of outer
membrane proteins in response to these stresses. In its absence
some of these proteins are constitutively expressed whereas oth-
ers are not induced. One complication for this hypothesis is
that it does not correlate directly with previous transcriptional
microarray data. If SYNW2176 is a regulatory protein, we would
expect to see other genes responding when it is up-or down-
regulated. However, although SYNW2176 is up in response to
copper and early phosphate stress and down in response to late
phosphate stress, we do not see a correlation with other genes, like
SYNW0762 (the atypical alkaline phosphatase/phytase protein
only detectable in the mutant) between these datasets.
A simpler hypothesis is that SYNW2176 functions in protein
quality control, as does DegP in E. coli. If this is the case, the
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mutant phenotype could be the result of a buildup of damaged
membrane and periplasmic proteins, that would otherwise be
degraded. This buildup could be sensed by other cellular systems,
perhaps other Deg-family proteins, leading to a specific stress
response regulating porins and othermembrane proteins. Indeed,
in E. coli degP mutants have activated σE and Cpx pathways,
likely a result of envelope stress from the buildup of damaged pro-
teins usually degraded by DegP (Leiser et al., 2012). Additionally,
activation of the σE pathway can result in a reduction of the major
OMP protein levels (Johansen et al., 2006). This buildup of dam-
aged proteins and active envelope stress response could lead to a
decreased permeability or transport of copper.
How copper crosses the outer membrane is still not entirely
clear but porins can be regulated by copper, can bind copper, and
may allow passive import of unchelated copper (Yoneyama and
Nakae, 1996; Caille et al., 2007; Balasubramanian et al., 2011).
Moreover, a porin-deficient (most likely OmpC and OmpF)
mutant in E. coli is resistant to elevated copper levels, indicating
such changes can be sufficient to lead to increased copper resis-
tance (Lutkenhaus, 1977). However, this is complicated by the
fact that a single OmpC mutant is copper sensitive (Egler et al.,
2005), indicating that porins may vary in their ability to let cop-
per into the periplasm. There is some evidence that the charged
residues in the outer loops of porins contribute to voltage gating
in Haemophilus influenzae (Arbing et al., 2000). Our comparison
of the outer loop charged residues of the two porins suggest they
may allow diffusion of very different sets of substrates. In addi-
tion, copper could potentially react with cysteines on SYNW2224
so one could speculate that its decrease in SYNW2176- and the
new presence of the SYNW2227 porin lacking cysteines could be
a mechanism increasing copper resistance. Given this, our data
suggests that the two porins may have different permeability to
copper ions and changing the levels of these porins may change
copper permeability and copper resistance.
There could also be a role for SYNW0762, SYNW1018 or
SwmB, all of which were much higher in the mutant than wild
type although it is not clear what these would do to increase Cu
resistance. Phosphatases and phytases have been linked to ura-
nium resistance in bacteria (Martinez et al., 2007; Nilgiriwala
et al., 2008; Yung et al., 2014) and copper resistance in fungi
(Tsekova and Galabova, 2003), likely through biomineralization
of the metals with phosphate. While the marine chemical envi-
ronment is quite different it is possible that these extra alkaline
phosphatases like SYNW0762 may play a role in copper detox-
ification directly. SYNW1018 is part of a well-conserved group
of phosphate-binding proteins, PstS, found in bacteria and in
E. coli is part of the high-affinity phosphate transport system
(Makino et al., 1989). Oligotrophic Synechococcus strains includ-
ing WH8102 tend to have multiple paralogs of this protein and it
is unclear what different functions the four present in WH8102
may have (Scanlan et al., 2009).
The high number of phosphate-stress inducible proteins in
the mutant indicates constitutive phosphate stress. High affinity
phosphate transport in Synechococcus involves both a membrane-
bound ABC transporter and a periplasmic phosphate-binding
protein as well as a phosphate-sensing histidine kinase, PhoR,
that may be membrane bound (Scanlan et al., 2009). Thus,
a buildup of damaged periplasmic and membrane proteins in
the mutant could disproportionately affect phosphate trans-
port as compared to nitrate transport, for example, which is
not transported by ABC family transporters but by a perme-
ase (Sakamoto et al., 1999). Reduced transport of phosphate
could in turn lead to phosphate limitation in the presence of
high phosphate levels and induction of a phosphate limitation
response. Indeed, Tetu et al. (2009) found changes in expres-
sion of many outer membrane proteins in response to phosphate
starvation as well as regulation of SYNW2176 (up slightly under
early phosphate stress and down under late phosphate stress),
so the mutant’s distinct phenotype regarding phosphate acqui-
sition is not surprising. During exponential growth SYNW2176-
had a higher level of alkaline phosphatase activity than wild-type,
which had virtually undetectable levels until phosphate levels
decreased (Figure 5). It also has higher levels of many phosphate-
inducible proteins than wild-type in exponential growth as well
as in low-phosphate growth (Table 1). Despite higher levels
of proteins involved in phosphate stress response, or perhaps
because of it, the mutant had a longer lag time (Figure 5),
all of which may indicate the costs of constitutively activated
stress.
While quantification of damaged proteins in the periplasm is
beyond the scope of this work, our data nevertheless shows the
major role that SYNW2176 plays in determining outer membrane
composition, perhaps through protease activity on specific mem-
brane proteins. Our data clearly show that the presence/absence
of SYNW2176 affects expression of many outer membrane pro-
teins potentially playing a role in outer membrane permeability
to a number of substrates. The Deg-proteases are moreover well-
conserved in marine Synechococcus and their phylogeny appears
to inform function. Our data also reveal the potential impor-
tance of porins in copper tolerance in marine Synechococcus. As
is clear from the dramatic increase in copper tolerance in the
mutant and the significantly altered outer membrane protein
composition, Synechococcus outer membrane composition is key
to understanding the copper sensitivity of this group. The outer
membrane functions as both a barrier to toxins and a gateway for
nutrients and copper is at the intersection of these functions as
it is both a toxin and a micronutrient. Identifying proteins that
contribute to copper permeability can provide insight into outer
membrane function and how marine Synechococcus maintains a
balance between importing limiting nutrients and keeping out
toxins.
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